Zinc deficiency (ZD) in rats increases esophageal cell proliferation and the incidence of N-nitrosomethylbenzylamine-induced esophageal tumors. Conversely, zinc replenishment (ZR) rapidly induces apoptosis in esophageal epithelia and reverses cancer development. We investigated gene expression changes in ZR versus ZD esophageal epithelia to identify differentially expressed genes associated with the antitumor effect of ZR. Weanling rats were fed a ZD diet for 6 weeks to establish esophageal cell proliferation or a zinc-sufficient (ZS) diet. Then, 10 ZD rats were treated with zinc gluconate intragastrically and switched to ZS diet; the remaining 10 ZD and ZS animals were treated with saline. All animals were killed 26-28 h later. Using cDNA microarrays, realtime polymerase chain reaction amplification and RNA hybridization techniques, we identified novel differentially expressed genes, including a RNA-binding protein with two RNA recognition motifs and a zinc knuckle (ZD7), and a DNA/RNA helicase with a DEAD box (ZD10) with two splice variants, ZD10a and ZD10b. In situ hybridization detected increased mRNA expression of ZD7, ZD10a and ZD10b in ZR esophageal epithelia, which displayed markedly increased occurrence of apoptotic cells, relative to ZD epithelia. Overexpression of ZD7 in human esophageal cancer cells resulted in induction of apoptosis and activation of caspase-3 and -7, activities that were inhibited by caspase-specific inhibitors. In addition, ZD7 mRNA levels and zinc-induced apoptosis in rat squamous carcinoma cells were reduced by specific small interfering ribonucleic acids. Thus, ZR rapidly induces ZD7 and ZD10 expression, which in turn stimulates apoptosis. These results provide the beginnings of a molecular pathway for zinc-induced apoptosis under conditions that reverse esophageal tumor initiation.
Introduction
Esophageal squamous cell carcinoma (ESCC) is the eighth most common malignancy and sixth most frequent cause of death worldwide (Pisani et al., 1999) . While cigarette smoking and consumption of alcoholic beverages are major causes of ESCC in the United States, dietary factors also contribute to risk (Coia and Sauter, 1994) . Epidemiologic data provide evidence that nutritional zinc deficiency (ZD) (Yang, 1980; van Rensburg, 1981) and exposure to carcinogenic N-nitrosamines, including N-nitrosomethylbenzylamine (NMBA) (Yang, 1980; Lu et al., 1986; Magee, 1989; Lu et al., 1991) , are associated with increased risk of ESCC. The enhancing effect of dietary ZD on the incidence of NMBA-induced esophageal tumors in rats/mice is well documented (Fong et al., 1978 (Fong et al., , 1996 (Fong et al., , 2001 Gabrial et al., 1982; Barch et al., 1984; Newberne et al., 1997; Fong and Magee, 1999) .
ZD induces unrestrained cell proliferation in the esophagus through disruption of cell cycle control, thereby increasing the incidence of NMBA-induced esophageal tumors in rats (Fong et al., 2000) . Furthermore, ZD in combination with p53 insufficiency or cyclin D1 overexpression accelerates induction and progression of forestomach/esophageal tumors in p53À/À mice (Fong et al., 2003a) and cyclin D1 transgenic mice (Fong et al., 2003b) . In contrast, zinc replenishment (ZR) rapidly triggers apoptosis and induces expression of Bax in the esophageal epithelium shortly after NMBA-treated ZD rats are given a zincsufficient (ZS) diet. As a result, NMBA-induced esophageal tumor formation is arrested in very early stages: 8% of ZR versus 93% of ZD rats developed esophageal tumors (Fong et al., 2001) . In humans, marginal zinc intake is known to increase an individual's susceptibility to DNA damage and cancer (Ho and Ames, 2002 ). The precise mechanism(s) by which ZD and ZR influence cell proliferation and apoptosis, respectively, especially under conditions leading to cancer initiation/prevention, are largely unknown.
Recent advances in parallel gene expression assays have enabled examination of the impact of deficiency of a single nutrient on gene expression in animal models. Differential mRNA display and DNA array analyses have been used to identify genes that are regulated by dietary zinc supply in rat small intestine (Blanchard et al., 2001) , murine thymus (Moore et al., 2003) , rat liver (tom Dieck et al., 2003) , human mononuclear cells (Cousins et al., 2003b) , and a human colon adenocarcinoma cell line (Kindermann et al., 2004) . In the rodent tissues, the majority of the transcriptome is not influenced by dietary zinc intake. Of the genes that are zinc regulated, most are involved in signal transduction that influences immune reactions, and in responses to stress and redox, growth and energy utilization (Cousins et al., 2003a) . To date, there are no studies concerning the influence of nutritional zinc supply on gene expression with regard to susceptibility to cancer initiation and reversal. The ZD rat esophageal tumor model presents a unique opportunity to identify targets by microarray expression profiling that will allow prediction of global effects of ZD in the rat esophagus. ZD sets the stage for rapid tumor initiation, while ZR causes stimulation of apoptosis that leads to inhibition of tumorigenesis (Fong et al., 2001) . In this study, we investigated gene expression profiles in rat esophageal mucosa B27 h after ZD rats were dosed with intragastric zinc versus nonreplenished ZD and pair-fed ZS rats, to identify differentially expressed genes after ZR.
Results

Serum zinc level after replenishment
Since ZD induces anorexia in rats, control ZS rats, pairfed to ZD rats, were calorie restricted (Fong et al., 1996) . Thus, under the present experimental condition, ZD, ZR, and ZS rats (n ¼ 10 for each group) had similar body weights at killing: 87711, 92712, and 94715, respectively (g, mean7s.d.) . At 26 h after Zn gluconate administration, the level of serum Zn in ZR animals rose from a ZD level of 47716 to 4567109 mg/100 ml, a level threefold higher than control ZS rats (140745 mg/ 100 ml) and greater than for replenished rats (3137110 mg/100 ml) at similar time after switching to ZS diet (Fong et al., 2001) . Thus, replenishment by intragastric administration of Zn is more effective than feeding ZS diet to ZD rats. Although we did not determine the level of Zn in ZR esophageal tissue, there is a correlation between Zn level in rat serum and esophagus (Fong et al., 1978) . Furthermore, the observation that ZR rats displayed a very high serum Zn level (9897238 mg/100 ml) at 4 h after intragastric Zn administration (unpublished data) suggests that zincstarved tissues, such as the esophageal epithelial cells, receive a huge influx of Zn soon after the ZD rats are replenished.
Induction of apoptosis by ZR
Consistent with previous observation (Fong et al., 1996) , weanling rats fed a ZD diet containing 3-4 ppm Zn for 6 weeks invariably developed unchecked cell proliferation in esophageal epithelium, accompanied by hyperkeratosis and parakeratosis, as compared with their pair-fed ZS controls, which showed a two to three cell deep epithelium with a thin keratin layer (Figure 3m versus o). ZD and ZS esophagi both showed isolated occurrence of apoptotic cells, often in the outer cell layers in the former (Figure 3m and p), but in basal as well as outer cell layers in the latter (Figure 3o and r) . At 26 h after the instant dose of Zn gluconate and switching to ZS diet, dynamic biologic changes appeared in the ZR esophageal cells. All 10 ZR (100%) esophagi exhibited dramatic reversion of cell proliferation, with loss of hyperplastic epithelial cell layers, disappearance of the thick keratin layer, and a substantial increase of apoptotic cells (Figure 3n and q), compared with earlier data showing 57% (13 of 21) of ZR esophagi reverted when ZD rats were simply switched to ZS diet (Fong et al., 2001 ). These results demonstrate that a synchronized, robust stimulation of apoptosis was triggered soon after intragastric replenishment of zinc.
Identification and cloning of genes differentially expressed in ZD and ZR tissues [ 32 P]dCTP-labeled cDNA was synthesized from mRNA of ZD and ZR rats for hybridization to microarrays. Microarray analysis identified five upregulated and three downregulated cDNAs (Table 1) . Subsequent RNA blot hybridization showed that expression of two candidates, ZD7 and ZD10, was upregulated in ZS esophagi, especially after ZR, compared with ZD; the difference was more apparent on a poly-A þ RNA blot ( Figure 1 , hybridization with coding cDNAs). Candidate differentially expressed genes were also assessed by real-time polymerase chain reaction (PCR) amplification. Both ZD7 and ZD10 showed more increased expression than other candidates by cDNA microarray and real-time PCR amplification (Table 1) in RNA blot analysis, which is less sensitive than real-time PCR, did not suggest differential expression of the other six clones in ZR, ZD, and ZS RNA (data not shown), so we have concentrated on the analysis of ZD7 and ZD10, which showed the largest fold modulation after ZR.
Using cDNA fragments of ZD7 and ZD10, we performed rapid amplification of cDNA ends (RACE) and cDNA library screening to identify full-length rat cDNA clones, which were cataloged in the database. RNA blot analysis showed that rat ZD7 and ZD10 were expressed ubiquitously (data not shown). The ZD7 protein has two RNA recognition motifs and a zincknuckle/zinc-finger domain (Figure 2a ). Database search showed that the human homologue of rat ZD7 is similar to lark protein, located at human chromosome 11q13; the mouse counterpart is located on chromosome 19. ZD10 protein has a DNA/RNA helicase domain with similarity to DEAD/H box and metal-binding motif ( Figure 2b ). The human and mouse homologues are located on chromosome 16q22.1 and 8E1, respectively. cDNA cloning revealed that the rat ZD10 gene has two splice variants, ZD10a and ZD10b, which share exons 1-4. ZD10a and ZD10b are highly similar at the nucleotide (87% in exons 5 and 6; 98% in entire ORF) and protein (93% in exons 5 and 6; 99% entire ORF) sequence levels.
Expression of ZD7, ZD10a, and ZD10b mRNA in esophageal epithelia
In situ hybridization (ISH) was performed on ZD, ZR, and ZS esophageal sections using antisense probes to ZD7 ISH probe 1, ZD7 ISH probe 2, and ZD10a ISH, and ZD10b ISH probes. In the highly proliferative ZD esophageal epithelia, weak, diffuse signals were typically produced in the suprabasal and outermost cell layers for all four probes, ZD7 ISH 1, ZD7 ISH 2, and ZD10a ISH, and ZD10b ISH, as shown in Figure 3a , d, g, and j (representing four individual rat esophagi). In contrast, intense signals were generated in the cytoplasm of ZR esophageal epithelia ( In ZS esophagi, moderately strong signals for all four probes were detected, mostly localized in the basal and suprabasal cell layers, as shown in Figure 3c , f, i, and l (representing four individual esophagi). In general, signals for the four probes follows the order, ZR4ZS4ZD. Esophageal sections incubated with sense probes for ZD7, ZD10a, and ZD10b or without probes did not yield a signal in any of the samples (data not shown), confirming the specificity of the reaction. Also, in each experiment, a strong signal was generated in all cells when an esophageal sample was incubated with b-actin (data not shown), indicating good mRNA integrity for all samples.
Expression of exogenous ZD7 in human esophageal cell lines
To determine the phenotypic effect of ZD7 cDNA overexpression, a ZD7 expression vector was transfected into two well-characterized human esophageal cancer cells, TE1 and TE4. Transfection with ZD7 resulted in few stable transfectants (B5/dish) relative to control transfectants (B20/dish) expressing EGFP, suggesting that overexpression of ZD7 suppresses cell growth. We next performed neomycin selection for 5 days after two independent cDNA transfections in different conditions, and analysed pools of cells (Figure 4a and b). To detect expression of rat ZD7, but not the endogenous human homologue, the expression of ZD7-EGFP cDNA was assessed by reverse transcription-polymerase chain reaction (RT-PCR) and by EGFP expression; EGFP and rat ZD7 expression are driven by the same promoter, split by the IRES. The results showed that the two ZD7 transfectant pools, but not control, expressed ZD7-EGFP in the two cell lines (Figure 4b ). Figure 1 Analysis of expression of differentially expressed genes in rat tissues by RNA blot hybridization. mRNA (lanes 1-6) or total RNA (lanes 7-12) were extracted, blotted to membranes and hybridized with cDNA probes. Lanes 1 and 2, two independent pools from ZD esophagi; lanes 3 and 4, from ZS esophagi; lanes 5 and 6, from ZR esophagi; total RNA in lanes 7-12: lanes 7 and 8, two independent pools from ZD esophagi; lanes 9 and 10, from ZS esophagus; lanes 11 and 12, from ZR esophagi Confocal microscopy showed that B45% of cells were EGFP positive with a fraction of apoptotic cells, while control pools were B60% positive for EGFP (data not shown). Immunoblot analysis showed that introduction of ZD7 in TE1 and TE4 resulted in the activation of proapoptotic molecules, caspase-3 and -7 (Figure 4a ). In addition, immunoblot analysis showed that ZD7-transfected TE1 and TE4 cells had decreased expression of cytokeratin 14, a biomarker in human esophageal carcinogenesis (Cintorino et al., 2001) (Figure 4a ). These results are consistent with previous data showing enhanced susceptibility to NMBA-induced forestomach/esophageal tumorigenesis in ZD:p53À/À mice versus ZS:p53À/À mice, associated with upregulation of cytokeratin 14 expression (Fong et al., 2001) . Flow cytometric cell cycle kinetics analysis showed that ZD7 introduction resulted in an increase in the sub-G1 population (9-37%). Apoptosis in ZD7-transfected , and ZD10b ISH [ZD10b] to the esophageal epithelial cells of ZD, ZR, and ZS rats (DAB, dark brown) are as follows: moderately strong in the outermost cell layer (a) and diffuse/weak in suprabasal cell layers (a, d, g, and j) of the proliferative ZD esophagi; strong and with increased frequency in the thinned but still hyperplastic ZR esophageal epithelia (b, e, h, and k), and moderately strong but diffuse in several places in control ZS esophagi (c, f, i, and l). H & E-stained sections show occasional apoptotic cells in proliferative ZD esophagus (m) and control ZS esophagus (o), but abundant apoptotic cells in ZR esophagus (n). ISOL analysis shows the occurrence of sporadic apoptotic cells in the proliferative ZD esophageal epithelium (p), but numerous apoptotic cells in basal as well as suprabasal layers in a ZR esophagus (q); TUNEL assay shows several apoptotic bodies in a ZS esophagus (r): apoptotic cells are intensely stained by DAB (dark brown) and counterstained with methyl green. Panels a, b, d, and g: scale bar ¼ 50 mm; panels c, e, f, and h-r: scale bar ¼ 25 mm esophageal cancer cells was inhibited by caspase-specific inhibitors. Treatment with Z-VAD-fmk, Z-DEVD-fmk, or Z-IETD-fmk resulted in reduction in the ZD7-induced apoptotic fraction: 37-17% for Z-VAD-fmk treatment; 37-21% for Z-DEVD-fmk; 37-34% for Z-IETD-fmk (summarized in Figure 4c , representative data shown for Z-VAD-fmk), demonstrating inhibition of ZD7-induced apoptosis by Z-VAD-fmk and Z-DEVD-fmk treatment, but not by Z-IETD-fmk. These data suggest that ZD7 expression activates the mitochondrial or general apoptosis pathway, involving caspase-3, rather than the membrane receptor-mediated pathway, involving caspase-8. ZD7 protein has a zinc-knuckle motif, suggesting that zinc may play a direct role in modulating ZD7 expression. Thus, we tested the effect of overexpression of exogenous rat ZD7, in the presence of Zn, in esophageal cancer cells in vitro. TE4 esophageal cancer cells were cultured in serum-free medium for 24 h, transfected with EGFP-fused ZD7 cDNA by lipofection, and cultured in medium with 0, 0.1, or 0.2 mM Zn. Confocal microscopic observation showed that exogenous ZD7 was expressed predominantly in the nuclei of cells in serum-free medium without Zn addition and was colocalized with apoptotic cells in Zn-supplemented medium; this colocalization was more apparent in 0.2 mM zinc than in 0.1 mM zinc (representative data in Figure 5 ). The association of GFP-ZD7 expression with the apoptotic phenotype, determined by DAPI staining, was 75, 45, and 23% in 0.2, 0.1, and 0 mM, respectively; the control GFP was associated with DAPI-positive cells in 22, 15, and 7%, respectively. The results are consistent with the hypothesis that Zn directly modulates the apoptotic activity of the ZD7 gene product.
Small interfering ribonucleic acid (siRNA) inhibition of ZD7 expression
We next investigated the effect of inhibition of endogenous ZD7 expression by siRNA in rat SCC-131 squamous carcinoma cells. SiRNA reduced ZD7 mRNA expression in the presence and absence of Zn chloride and prevented Zn stimulation of apoptosis (Figure 4d ), supporting the conclusion that rat ZD7 activity is modulated by Zn and is involved in Zn-induced apoptosis in esophageal cells. ; and H, 10.2%. In the pZD7 panel, D, 36.5%; E, 19.5%; F, 3.67%; G, 36.8%; and H, 39.8%. In pZD7þZ-VAD-fmk, D, 47.2%; E, 19.5%; F, 14.6%; G, 16.6%; and H, 18.5%. The bar graph summarizes the effect of the three caspase inhibitors on ZD7-induced apoptosis, expressed as a ratio relative to ZD7 alone. (d) siRNA for rat ZD7 was introduced into rat SCC-131 squamous carcinoma cells, which were cultured with or without 0.04 mM zinc chloride for an additional 36 h. Protein and mRNA expression were assessed for caspase-3 and actin by immunoblot analysis, and ZD7 and GAPDH by semiquantitative PCR (27 cycles amplification), respectively. siRNA for luciferase was used as the control Genes expressed during apoptosis in rat esophagus H Ishii et al
Discussion
Shortly after chronically ZD rats are given a ZS diet, the highly proliferative esophageal epithelial cell layers respond by undergoing dynamic biologic changes, including stimulation of Bax expression and induction of apoptosis. These changes bring about dramatic morphological and phenotypic outcomes: rapid reversal of cell proliferation, disappearance of precancerous focal hyperplastic lesions, and arrest of the march to cancer development induced by NMBA (Fong et al., 2001) . Considering that the rat esophagus is very sensitive to nutritional zinc supply (Fong et al., 2000 (Fong et al., , 2001 , it is an ideal target for conducting DNA array studies in ZR versus ZD esophagi to identify differentially expressed genes that play a role in reversal of tumor initiation. Previous expression profiles of the zinc-deficient condition assessed tissues exposed to longterm dietary zinc manipulation (Cousins et al., 2003a, b; Moore et al., 2003; tom Dieck et al., 2003) . In contrast, our study investigated changes B27 h after a large intragastric dose of zinc that induces rapid apoptosis in the proliferative ZD esophagus. Thus, earlier studies compared two stable conditions, whereas we studied the very rapid transition from zinc deficiency (ZD) to sufficiency, to discover genes induced by zinc during reversal of a preneoplastic condition. With the use of cDNA microarray expression analysis, real-time PCR amplification and RNA hybridization studies, we identified two novel genes, ZD7 and ZD10, that were upregulated 4.2-and 3.8-fold, respectively, in ZR rat esophageal epithelial cells displaying increased apoptosis compared with proliferative ZD esophagus showing sporadic apoptotic cells (Table 1 ; Figure 3n versus m and q versus p). Although in situ ZD7 and ZD10 mRNA expression was detected in the esophageal epithelial cell layers of all three groups of rats, the strongest signal for each of the four probes was generated in ZR epithelia (Figure 3b , e, h, and k), while moderate signals were found in ZS esophagi (Figure 3c , f, i, and l) and diffuse, weak signals in ZD esophagi (Figure 3a, d, g, and j ). These results demonstrate that there was an association between the occurrence of apoptosis and expression of ZD7 and ZD10 mRNA. Previously, we reported that cellular proliferation was substantially reduced (Fong et al., 1996) and apoptotic rate markedly higher (unpublished data) in esophagi from calorie-restricted ZS versus ad libitum-fed ZS rats. Interestingly, the spatiotemporal distribution of ZD7 and ZD10 mRNA expression in ZD, ZR, and ZS esophagi appears to mirror distribution of apoptotic cells (Figure 3a-l) .
ZD7 is a RNA-binding protein with two RNA recognition motifs and a zinc knuckle; ZD10 is a DNA/RNA helicase with a DEAD box (Figure 2) . RNA recognition motifs are found in a variety of RNAbinding proteins, including various hnRNP proteins, implicated in the regulation of alternative splicing. ZD7 protein has a zinc knuckle, a zinc-binding motif. Such motifs are involved in eukaryote gene regulation, suggesting that ZD7 may play a role in the regulation of gene expression in response to environmental zinc. Introduction of rat ZD7 into human esophageal cancer cells resulted in the activation of caspase-3 and -7, and caspase-dependent apoptosis, suggesting that the zincmodulated ZD7 protein may have a direct role in preventing or reverting tumor development in rats (Figure 4c) .
Introduction of siRNA for ZD7 into rat SCC-131 squamous carcinoma cells, blocked zinc-induced apoptosis and reduced ZD7 mRNA expression (Figure 4d ), a result that supports the proposal that ZD7 is modulated by zinc and plays a role in zinc-induced apoptosis.
The rat ZD10 gene has two splice variants, which result in transcription of very similar genes. RT-PCR and cDNA sequence analysis showed that both variants are transcribed, excluding the possibility that either is a pseudogene. RNA helicases represent a large family of proteins that are involved in nuclear and mitochondrial splicing processes, RNA editing, and other essential processes in cell development and differentiation (Sunderman, 1995) . Further investigation will be required to determine how ZD10 isoforms contribute to reversal of the ZD phenotype. Our ISH study, with specific probes to ZD10a and ZD10b, showed that both isoforms were expressed in esophageal tissues after ZR, suggesting that To date, only a few studies have reported the use of DNA array methods to identify zinc-responsive genes. Array analysis is known to lack sensitivity for detection of low-abundance mRNAs, and this may explain detection of only a few genes from the thousands on the arrays in most of these experiments, including ours. For example, in ZD murine thymus, four genes were differentially expressed 41.5-fold (Moore et al., 2003) ; in the small intestine of ZD rats, 32 genes were identified as up-or downregulated (Blanchard et al., 2001) , and in the liver of ZD rats, 66 genes had a fold change of 41.5 relative to the zinc-adequate group (tom Dieck et al., 2003) . Zinc deprivation accelerates NMBA-induced esophageal cancer induction and progression in the Trp53-knockout mouse, and using cDNA microarrays of known mouse genes, we identified 15 genes that were upregulated, including cytokeratin 14, in ZD:p53À/À versus ZS:p53À/À forestomach. Those results provided evidence for the collaboration of zinc and Trp53 deficiencies in esophageal carcinogenesis (Fong et al., 2003a) .
The role of zinc in apoptosis and the molecular mechanism whereby it influences the apoptotic process are complex and not well understood. Numerous in vitro studies (Fraker and Telford, 1997) have shown that apoptosis is induced in a variety of cell types by high concentrations of zinc. It has also been reported that in vivo zinc supplementation affords protection against apoptosis in neurons, macrophages, T lymphoblasts, and anterior keratinocytes, but enhances cell death in pancreatic acinar cells in chickens (Truong-Tran et al., 2000) . On the other hand, in vivo ZD in rats is associated with an increased frequency of apoptosis in a variety of tissues, including small intestine, skin, thymic lymphocytes, testis, and pancreatic acinar cells (Nodera et al., 2001) , with the exception of esophagus (Fong et al., 2001; Nodera et al., 2001) . Our ISH analysis showed that increases of ZD7 and ZD10 expression are not evident in nonepithelial cells of esophagus, suggesting that ZD7 and ZD10 may play an important role in induction or triggering of apoptosis in esophageal epithelium.
In conclusion, we have demonstrated that the ZRinduced apoptosis in esophageal epithelia is accompanied by increased expression of ZD7 and ZD10 genes. In addition, overexpression of ZD7 in esophageal cancer cells in vitro caused caspase-dependent apoptosis. Thus, the results of this study provide the beginnings of a molecular pathway for zinc-induced apoptosis under conditions that reverse esophageal tumor initiation.
Materials and methods
Animals and diets
Weanling male Sprague-Dawley rats (5474 g) were purchased from Taconic Laboratory (Germantown, NY, USA). Customformulated, egg white-based ZD and ZS diets were prepared by Teklad (Madison, WI, USA) . The two diets were identical except for the amount of zinc carbonate, which was 3-4 ppm for the ZD and 72-75 ppm for the ZS diet.
Experimental design
The study was approved by the Thomas Jefferson University Institutional Animal Care and Use Committee, Philadelphia, PA, USA and was conducted under National Institutes of Health guidelines. Weanling male Sprague-Dawley rats (30 animals) were divided into two dietary groups and given deionized water; 20 animals were fed a ZD diet and the remaining 10 were pair-fed a ZS diet to match the decreased food consumption of ZD rats. After 6 weeks, ZD rat esophagi developed sustained cell proliferation (Fong et al., 1996) . Intragastric zinc gluconate (elemental Zn equivalent to 1.5 mg) in 0.9% saline was then administered to 10 of 20 ZD rats, which were switched to ZS diet, forming the ZR group. In all, 10 ZS rats and the remaining 10 ZD rats were similarly treated with saline and continued on their respective diets. All animals were killed 26-28 h after treatment. Whole esophagi were excised and a small portion from the uppermost part of the esophagus was fixed in buffered formalin and prepared for hematoxylin and eosin (H&E), terminal deoxynucleotidyltransferase (TdT)-mediated UTP end-labeling assay (TUNEL), and ISOL analyses. Esophageal epithelium was dissected from the remaining esophagus by using a blade to strip off the connective tissue layer. Pooled esophageal samples were put immediately in RNA extraction buffer (Qiagen, Valencia, CA, USA) for subsequent RNA extraction.
Zinc determination
At killing, blood was collected from the retro-orbital venous plexus of each animal after being anesthetized with isoflurane (Datex-Ohmeda Inc., Andover, MA, USA), and serum was prepared for zinc analysis by atomic spectrophotometry.
cDNA microarrays
Esophageal mucosae were pooled, homogenized in RNA extraction buffer, and total RNA and mRNA were isolated using extraction kits (Qiagen). cDNA probes for array hybridization were synthesized from mRNA with the rat microarray Gene Filters system (ResGen, Carlsbad, CA, USA) according to the manufacturer's protocol with minor modifications. Briefly, cDNA was labeled with [ 32 P]dCTP using Moloney murine leukemia virus reverse transcriptase. After purification by column chromatography, probes were hybridized with nylon membranes carrying cDNA arrays, namely Rat Gene Filters Microarrays II and III (ResGen). The two array filters contained a total of B10 320 independent rat cDNA clones. The intensity of hybridization signals was imaged with Typhoon 8600 software (Molecular Dynamics, Sunnyvale, CA, USA), and the data were analysed by using the Pathway Microarray software (ResGen, Carlsbad, CA, USA). A subset of genes that showed 42-fold increase or 40.5-fold decrease in ZS or ZR versus ZD esophagus were selected for real-time PCR amplification assay.
Real-time PCR amplification assay, RNA blot, and cDNA cloning
To verify zinc modulation of the selected genes, a quantitative assessment of expression levels in the esophagus mRNA was performed by real-time PCR amplification assays, as described previously (Fong et al., 2003a) . Sequence information for the candidate genes was retrieved on-line (http://www.ncbi.nlm.-nih.gov/UniGene/). Briefly, primers and TaqMan probe sequences were designed with Primer Express software version 2.0 (Applied Biosystems, Foster City, CA, USA). cDNA was synthesized from total RNA using Superscript II Reverse Transcriptase (Life Technologies Inc., Carlsbad, CA, USA). PCR amplification was performed with TaqMan Universal PCR Master Mix and TaqMan Probes (Applied Biosystems) using the ABI PRISM 7000 Sequence Detection System. The TaqMan probe signal was detected during 40 PCR cycles, each cycle including a denaturation step for 15 s at 951C and annealing/extension step for 1 min at 601C, after AmpliTaq Gold activation for 10 min at 951C. In each experiment, at least four independent reactions were performed to obtain the mean. A set of primers and TaqMan probe for actin was used as a positive control reaction. The estimated cDNA concentration for each candidate gene was compared in ZR and ZD samples. RNA blot analysis was performed as described (Ausubel et al., 1989) . Briefly, 20 mg of total RNA or 1 mg of poly-A þ RNA was separated by electrophoresis under formaldehyde-denaturing condition, transferred onto nylon membrane, hybridized with radiolabeled cDNA probes, and washed and exposed to X-ray film. The cDNAs were cloned using a RACE kit (BD Biosciences Clontech, Palo Alto, CA, USA) and by cDNA library screening (BD Biosciences Clontech).
Apoptosis detection
Morphological assessment of high-quality H&E-stained sections and the TUNEL method were used to detect apoptotic cells, as described previously (Fong et al., 2001) . In addition, the ISOL method (Didenko et al., 1998; Didenko, 2002) , which is more selective in avoiding labeling of randomly damaged DNA, was also performed. The ISOL method utilizes T4 DNA ligase to specifically join Dnase I-type ends from genomic DNA in the sample to biotin-labeled hairpin oligonucleotide probes, which specifically and sensitively detect double-strand breaks in apoptotic cells. On the other hand, conventional in situ detection techniques such as TUNEL are useful in detecting internucleosomal DNA cleavage, but they do not differentiate Dnase I-type cleavage, resulting from the activation of apoptotic endonucleases.
The double-strand breaks in DNA in apoptotic cells were detected using an ApopTag TM ISOL assay kit (Serologicals Corp., Norcross, GA, USA). Briefly, the sections were deparaffinized, rehydrated in a graded alcohol series, and incubated with proteinase K. Endogenous peroxidase in the sections was inhibited with 3% hydrogen peroxide. The slides were then incubated with T4 DNA ligase enzyme to catalyse blunt end ligation of biotinylated oligo-B (blunt end oligo) and fragmented double-strand DNA at 16-201C for 17 h. Next, the slides were incubated with streptavidin peroxidase, and DNA fragmentation was detected by staining with 3, 3 0 -diaminobenzidine tetrahydrochloride (DAB). Finally, the sections were counterstained with methyl green. Sections from rat mammary gland, in which extensive apoptosis occurs, served as a positive control. Negative controls omitted T4 DNA ligase enzyme.
ISH analysis
Digoxigenin (DIG)-labeled oligonucleotide antisense probes prepared by Proligo Japan KK (Kyoto, Japan) were used for in situ detection of target mRNA sequence of ZD7 and ZD 10 genes. Two probes were used for the ZD7 gene as follows: ZD7 ISH probe 1 (Tm92), GCAATGGCTGCTGCTGCTTCCT CTTCCTAT; and ZD7 ISH probe 2 (Tm96), ACAGGAGCC CACTACGTCGGAATGCAGCTG. Probes for each isoform of ZD 10 were used as follows: ZD10a ISH probe (Tm92), CAGCCAAGTAGAGCCTGCAAACAACCATCC; and ZD10b ISH probe (Tm94), AGCAGAGTGGAACCAGCA GACAGACACCCT. As negative controls, DIG-labeled complementary sense oligonucleotides were used as follows: control sense ZD7 probe 1 (Tm92), ATAGGAAGAGGAAG-CAGCAGCAGCCATTGC; control sense ZD7 probe 2 (Tm96), CAGCTGCATTCCGACGTAGTGGGCTCCTGT; control sense ZD10a probe (Tm92), GGATGGTTGTTTG CAGGCTCTACTTGGCTG; and control sense ZD10b probe (Tm94), AGGGTGTCTGTCTGCTGGTTCCACTCTGCT. As positive control, a DIG-labeled antisense Pan b-actin probe (http://www.genedetect.com) was used.
The following ISH protocol (Kadkol et al., 2003) was used with minor modifications. After deparaffinization and rehydration in graded alcohols, esophageal sections were heated in citrate buffer (0.01 M, pH 6.0) in a microwave oven (90-941C, 3 Â 5 min) and digested with proteinase K (371C, 15 min). Sections were postfixed with 1% paraformaldehyde, followed by acetylation with 0.25% acetic anhydride in 0.1 M triethanolamine, pH 8. Hybridization was performed with DIGlabeled oligonucleotide probes (B400 ng/ml) and a commercially available hybridization kit (BioGenex, San Ramon, CA, USA) in a moist chamber for 20 h at 371C. After hybridization, the sections were washed in 2 Â SSC, 1 Â SSC, and 0.25 Â SSC buffers (371C). Hybridized RNA was detected with the BioGenex system according to the manufacturer's instructions. Visualization of DIG was localized by a final incubation with DAB and a light hematoxylin counterstain. As controls, we included the use of corresponding sense probes and the omission of antisense probes in each experiment. In addition, we used DIG-labeled Pan b-actin mRNA probes to verify the quality of mRNA in the esophageal samples.
Cell culture and transfection
Esophageal cancer cell lines, TE1 and TE4, were cultured in RPMI 1640 medium (Invitrogen, Tokyo, Japan) with 10% fetal bovine serum (FBS) (Invitrogen, Tokyo, Japan). In some experiments cells were cultured in medium with various caspase inhibitors (Calbiochem, San Diego, CA, USA): Z-VAD-fmk (100 mM), an inhibitor for caspase-1, -3, -4, and -7; Z-IETD-fmk (100 mM), an inhibitor for caspase-3, -6, -7, -8, and -10, and Z-IETD-fmk (50 mM), an inhibitor for caspase-8. cDNA of selected genes was cloned into pIRES2-EGFP vector (BD Biosciences Clontech) and pcDNA-GFP vector (Invitrogen, Tokyo, Japan). Transfection was performed by calcium phosphate precipitation methods (Promega, Madison, WI, USA) or by FuGENE 6 transfection reagent (Roche, Indianapolis, IN, USA). Cell cycle kinetics were determined by flow cytometry as described (Ishii et al., 2001) . The transgene expression was assessed by confocal microscopy for EGFP and by RT-PCR amplification with two sets of specific primers as follows: 5 0 -GAGCAGTATGTGGACC GAGCAC-3 0 (3 0 region of rat ZD7 cDNA) and 5 0 -CGT CCAGCTCGACCAGGATGG-3 0 (5 0 region of EGFP), an EGFP PCR primer kit (BD Biosciences Clontech).
Effect of ZD7 siRNA
Rat SCC-131 squamous carcinoma cells were purchased from JCRB cell bank (National Institute of Health Sciences of the Ministry of Health, Labor and Welfare, Japan) and maintained in DMEM with 10% FBS. Double-stranded siRNA for rat ZD7 was synthesized as follows: 5 0 -CUCCACUUCU GUUGAUCCUTT-3 0 ; and 5 0 -AGGAUCAACAGAAGUG GAGTT-3 0 (TakaraBio, Shiga, Japan). The siRNA was introduced into rat squamous carcinoma cells by TransIT-TKO transfection reagent (Mirus, Madison, WI, USA). We have also tried to inhibit ZD10 with specific siRNA but have little success because of the interference by similar variants, as ZD10 has alternative splice variants.
